
Two-Fraction Model of lni tial Sediment Motion 
in Gravel-Bed Rivers 

Values of T for the other tlvo limitinn 
cases Jepcllil o n  illreracriolls het\vecn the  
r \ ~ - o  tractions. As  i + 3, the  small amount; , . 
of sand in the  hed a-ill rend to settle be- 
tlveen the  gravel grains, leaving little or no  Peter R. Wilcock 
sand exposed to the  floxv. T r a ~ ~ s p o ~ t  of the 
sanii recl~lires entrainment of the gravel, so The prediction of sediment transport in gravel-bed rivers is essential to the management 

of land, water, and ecological resources in mountain regions. Dividing the bed sediment 
into two populations-sand and gravel-permits realistic and useful predictions of the 
onset of sediment transport. The critical flow initiating grain motion decreases rapidly 
with sand content over the transition from a gravel-framework bed to a sand-matrix bed. 
The two-fraction model provides a simple means of forecasting the movement of excess 
fine sediment supply. The model also helps to explain the development of the abrupt 
gravel-sand transition commonly observed in natural rivers. 

it may he expected that 7<, = T~~ anil [fro111 
the ~letinirion o t  T~ ill (12)l  T,, = T ' ~ ( D J  
D,). Because trace amounts o t  aallii s11oulLl 
nor intluence T ~ ,  as f, + 0, T ~ .  sho~llil 
approach 9.L?4(DZ/D*) as f<  + 9. 

As  f 3  + 1, the  influence o t  surroun~ling 
grains o n  the motion o t  a gravel clasr be- 
COLIICS s~na l l  relative to the  in th~ence  of the 
\vcigllt of the  gravel clast and the ilrag h r c e  
acting on it. Because T<* represents the ratio 
of these two forces, a minimum value of T,, 

call be llyporhesire~l. A minimum 7' ;= 0.21 
has been observeJ tor the  entrainment o t  

T h e  1 1 1 1 ~  of grain sizes in a riverbed cle- 
pends o n  the rates a t  which different sires 
are supplied to the river and the rares at 
n-hic l~ the flow transports them. If the water 
and sedi~nent  supply arc changcii, rile river 
channel will begin to adjust its geolncrry 
and beJ  cornnosirion toward a new contin- 

An alternative is to divide the sedi~nent  
into only r n o  sise fractions, sallii (grain size 
Db < 2 min) and gravel (D, ,  > 2 mm).  Such 
a txvo-fraction approach is practical because 
a two-uarr bed comcosirion mav be mea- 

indiviilual instrumented grain5 as the)- were 
progrebsively clevatcii relative to tile re- 
mail1Jer of the  l.eJ (13) .  A si~nilar III~IIL- 

inuln value has also heen suggesteil for the 
s ~ ~ r e d  lnore reaiiily tllan the  co~np l r t e  size 
ilisrrihutiol~ (7). This approacl~ ;~lso  allows 

uration capable o t  carr)-ing the  altered loaii 
(1 ). A pervasil-e problem in gravel-bed riv- 
ers is fine-grained secliinent loading troin 
watershed dist~rrbances (for example, fire, 
land development, road construction, log- 
ging, and reservoir operation). Storage of 
this fine sedinlent in a riverbed cllanges its 
hyclraulic properties, reduces habitat tor fish 
and invertebrates, and degrades spal\.ning 
habitat ( 2 ) .  T o  address the magnitucle a n J  

sand and gravel to move at iiitterent rates. 
T h e  transnost rates o t  sand and nravel 

largest grains in a mixture (14).  
T h e  ratio ~ ~ , / 7 ~ ~ ,  a ~neas~ l re  of the rela- 

rlve rransporraliility of the sand and gravel 
fractiolls. ma\- be calculated from the  limit- 

depend 011 the proportion j, o t  sanLl in the 
beil (8), not only through its influence on 
the  amount of sand anil gravel availa13le for 
t r ans~or r  ( a  tactor incluiieLl in present moii- 

ing values of 7, in Table 1. For f = 9, . . 
7,,/7,:: = 1. For f. = 1, T ~ , / T ~ ,  = 4(D./Dc). 
Because D,, is one or more ori?crs of m a g ~ i -  els), L L I ~  also through the  inf1L;ence of f, o n  

the  illhcrcllr transportability of each frac- t ~ l J e  larger than D in man\- gravel-beil 
tion (9). Beca~lse the  proportions o t  sand 
and gravel in the beii sum to 1,  the  influ- 

, &, 

ri\-ers, the Llccreasc of 7'. with j< is larger 
than that of T ~ , ,  s~~ggestillg that sanLl be- 
cclines relatively inore transportable as j, 
increases. 

Although hot11 T ~ ,  and T<: ilecrease with 
f ,  the nature of this variation remains to be 

duration of these impacts, it is necessar)- to 
predict separately the  transport rates o t  tile 
fine and coarse portions of tile sediment 
loaii, so that changes in bed comoosition 

ence o t  bed compositioll o n  transport ratc 
can be represented in the two-fraction moii- 
el as a simple f~lnct ion of j<. This interaction 
between bed composition and transport is 

and tile residence tinle of fine-grained sed- 
iinellr call be dctcrmincii. 

d, 

iletermined. A t  slnall f., a riverbed is inade 
L I L ~  of a n  inrerlockcii framc\vork of gravel 

~nissing from previous t'ivo-part computa- 
tions of sand anii gravel transport ( 1  3.  1 1 ). 

T h e  txvo-fraction approach is demon- 
strated here for part of the  t r a ~ ~ s p o r t  proli- 
lein: tile critical value of the  hed shear stress 
7< that produces incipient ~not iol l  o t  the 
sand T ,  and gravel 7,". This part of the 
problem is developeil tifsr becauqe the  go17- 
erning relations can be allnost entirely de- 

T h e  traditional approach has been to 
calc~llate the  transport ratc for a single 

grains. For j* > -9.2, iniiiviii~lal trame~vork 
grains hegin to lose contact. A t  j, > -0.4, 
rile grar-el framework is replaced by a sanil 
inatrix .ivith interbeLliled gravel clasrs (15) .  

cllaracrcrisric grain size, tor example, tile 
median (3) .  Because this rncrllod does nor 
accoul~t  tor difterent sjres mo\-mg at  iiiffer- 
ent  rates, it is likely to underpreclicr the  
transport rate of sand, which may be much 
larger than that of gravel ( 4 ) .  More recent- 
ly, transport rates have been cstinlatcd scp- 
ararcly for many inclividual fractions (5. 6) .  
This annroacll allows different sizes to move 

In  matrix-sui1porteLl hcds, abunLlant sanii is 
csposeJ o n  the  bed surtace a t  all flo\vs, a11J 
sand transport rates shoulil approach those 

rived from existing obserr~ations anil be- 
cause sonle results of general ilnportance 

of a purely sand hed. Gravel entra in~nent  is 
no  longer intluenced by ailiacent gravel 

immediately emerge. A tocus on . T ~  may not  
be overl.\. limiting, hecause it has heen 

clasrs and Llepcnils pri~narily 011 local expo- 
sure hv salld scour. Thus, much ot' the vari- 

L L 

at  clitferenr rares and call predict cllangcs in 
grain size, although at the  expense o t  great- 
er computational eftorr. T h e  tractional ap- 
17roach is sensitive to local detail o t  the bcii 

shown that transport rates for different 
irrain sizes tellil to fall ahout a conlinon 

ation in T~~ anil T _ ,  is likely to occur within 
9.22 < f < 0.4. A si~nilar transition has 

c~lrve  when the  heii sllear stres; T ,  is scaled 
by the  correct critical shear stress T ~ ,  for 
each sire (5,  6) .  

Tile \-ariation n-it11 j. of 7,- a n ~ l  7,g is 
constraine~l by values in tile limit of van- 
ishing amounts of gravcl (jb + 1)  or sand (f, 
+ 0 ) .  Values of 7,. for clean sand ( f ,  = 1 )  
and T ~ , :  tor clean gravel (j, = C7) are k11ow11 
from e~nnirical relations for narron.l\- sorteil 

, < 

heen demonstrateil in small-scale flunle e s -  
peri~nents in \vhich a transition lx tween 

size ilistribution. Transport ratc csti~nares 
based o n  the  median-size method arc rrac- Table 1. Approximate values of d~mensionless 

crltical shear stress at the ~ m t s  of sand content. tahlc bur ~mrepresentative, whereas esti- 
mates based o n  the fraction-by-fractio~l 
lnethod are potentially accurate but imprac- 
tical because tile necessary local size infor- 
mation is typically unavailable. 

Clean gravel Clean sand 
(f, = 0) (fs = 1 )  

sedimen;, tor wllich the dimensionlhss crit- 
ical shear stress 7 ,  is e ~ p a 1  to -3.94 h r  bi~es 
larger tllan -2.5 111111 (Table 1 )  (12) .  
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gravel-dominated and sand-dominated 
transport occurs over a similar range of sand 
content in the sediment feed (16), 

The variation of T^ with /s may be mod­
ified by surface sorting, particularly for a 
framework-supported bed. For /s greater 
than —0.1, the bed contains sufficient sand 
that the gravel pores begin to fill, leaving 
some sand exposed on the bed surface. In 
such cases, selective sand transport can pro­
duce well-sorted sand patches and stripes 
(17). Transport within these patches begins 
at flows smaller than those required to ini­
tiate gravel motion, causing TCS to decrease 
relative to Tcg (18) 

The proposed variation of T*S and T* 
with /s was compared with transport data 
from four gravel-bed rivers and one labora­
tory sediment. In three of the field cases— 
East Fork River (19), Oak Creek (20), and 
Goodwin Creek (I I)—the transport of the 
entire stream was sampled using either a 
slot trap extending across the entire river 
width or a weir through which all of the 
transport was directed. The grain size distri­
butions in these streams vary widely (Table 
2) and/s varies between 0.15 and 0.59 (21). 
In the fourth field case, Jacoby Creek (22), 
transport was measured using repeated 
traverses with a hand-held sampler and /s = 
0.22, which is close to the transition from a 
framework-supported to a matrix-supported 
bed. The laboratory sediment, BOMC (23), 
has a grain size range that is representative 
of many gravel-bed rivers and is very similar 
to the size distribution of Goodwin Creek. 
These data were supplemented by six labo­
ratory sediments with purely bimodal size 
distributions (24) to expand the range of /s, 
especially at large /s. 

Because it is difficult to determine the 
flow at which all transport ceases for natural 
sediment beds in turbulent flow, Tci was 
replaced by a reference shear stress, Tri, 
which is the value of T0 that produces a 
small dimensionless reference transport rate 
of fraction i (25). Values of Tri are —10% 
larger than Tci (6). In practice, Tri can be 
found from the mean trend of the transport 
rate of sand and gravel plotted as a function 
of T0. The dimensionless form of Tri is T*.. 

The data conformed well to the pro­
posed variation of T*S and Tcg with/s (Fig. 1). 
For the gravel (Fig. 1A), TJ!R decreased from 
-0 .04 at/ s = 0 to -0 .01 at/ s = 1. For the 
sand (Fig. IB), T*S decreased from T*S — 
0.8T*g(DgIDs) at small /s to -0 .04 at large /s. 
The values of T^ at /S ^ 0.2 suggest that 
surface sand patches caused Trs to be some­
what smaller than Trg. Values of T*R and Tr"s 

decreased rapidly between the observations 
for Oak and Jacoby creeks (/s = 0.15 and 
0.22) and those for Goodwin Creek and 
BOMC (/s = 0.34), suggesting that a shift 
from gravel-bed to sand-bed values of T*. 

occurred over the narrow range of /s associ­
ated with the change from a framework-
supported to a matrix-supported bed. The 
decrease with /s of Trs is larger than that of 
T

rR (Fig- 1C). From Table 1, the value of 
Trs/Tra at large /s will depend on DJDs, so 
the values in Fig. 1C should not collapse 
to a single trend. 

Values of T* for the purely bimodal sed­
iments conformed well to the trend for the 
mixtures with continuous size distributions, 
except that T* values were somewhat large 
in the range 0.4 < /s < 0.6. The absence of 
intermode grains in these sediments may 
permit segregated gravel to persist at /s as 
large as 0.6, thereby increasing gravel resis­
tance to motion and increasing T^. 

The influence of /s on T^ has implica­
tions for cases in which watershed distur­
bance leads to an increased sediment supply 
and a sandier riverbed. If /s increases beyond 
—0.2, both TCS and T may decrease abrupt­
ly, causing the magnitude and frequency of 
transport to increase. Because transport rate 
is a strong nonlinear function of T0/TC1, the 
increase in total transport is potentially 
large. Estimates of potential bed aggrada­
tion and of the downstream migration of 
the added sediment need to account for the 
influence of /s on T^ and transport rate. 

Riverbeds may also become sandier if 
sediment transport is interrupted by flow 
diversion. Many gravel-bed rivers have a 
large sand throughput, such that the per­
centage of sand in the total annual load is 
much larger than that in the bed (4). If the 
diverted flows primarily move sand, /s will 
increase at the point of diversion until larg­
er uncontrolled flows can move it down­
stream. An increase in /s can increase the 
transportability of both sand and gravel, 
potentially to a level at which the entire 
sediment load can be transported by the 
undiverted flow. 

The influence of /s on Tri provides a 
description of the mechanism producing 
the commonly observed abrupt transition 
from a gravel bed to a sand bed. Grain size 
typically decreases as one moves down­
stream along a gravel-bed river. The rate of 

Table 2. Grain size parameters. Ds and Dg are the 
median size of the sand and gravel fractions; Dgo 

is the size for which 90% of the entire size distri­
bution is finer. 

Site 

Oak Creek 
Jacoby Creek 
Goodwin Creek 
BOMC 
East Fork River 

Sand 
content 

0.15 
0.22 
0.34 
0.34 
0.59 

(mm) 

1.2 
1.0 
0.6 
0.5 
0.6 

D 9 
(mm) 

26 
24 
16 
13 
12 

^90 
(mm) 

65 
81 
30 
30 
28 

fining gradually decreases in the down­
stream direction until the gravel-sand tran­
sition is reached. At this point, the rate of 
fining can increase sharply, and grain size 
can decrease by one or more orders of mag­
nitude over distances as short as a few hun­
dred meters (26, 27). The gravel-sand tran­
sition is often located where the transport 
capacity of the river decreases relative to 
the imposed load, as a result of a change in 
river slope, a backwater, or lateral input of 
fine-grained sediment. Because the gravel-
sand transition can occur over a shorter 
distance than would be implied by the hy-
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Fig. 1. Dimensionless reference shear stress T* as 
a function of fs for four field cases and one labo­
ratory sediment. (A) Gravel fraction; (B) sand frac­
tion; (C) ratio of sand to gravel reference shear 
stress, T* is the value of T* producing reference 
transport rate l/V* = 0.002 {6, 22, 23), calculated 
in all cases using two-fraction plots of sand and 
gravel transport rate as a function of skin friction T0 

(Einstein drag partition method with rough­
ness = 2D65). Both T̂g and T*S decrease sharply 
over a range in fs that corresponds With the tran­
sition from a clast-supported to a matrix-support­
ed bed. The decrease in T*S is proportionately larg­
er. For clean sand and gravel, T® takes a conven­
tional value of -0.04. At large fs, T* approaches a 
minimum where grain inertia dominates. At small 
fs, sand transport is controlled by grave! entrap­
ment and T*S cc [Dg/Ds]T;!g. Results of laboratory 
runs with artificial two-component sediments are 
shown for comparison, although the absence of 
intermode grains may permit segregated gravel to 
persist to fs «* 0.6, thereby increasing gravel resis­
tance to motion and increasing T* . 
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draulic transition, its abruptness suggests a 
corres~ondine discontinuitv in the sedi- 
ment ;ranspo;t. One expla4tion, based on 
the assumotion that transoortabilitv varies 
smoothly k t h  grain size, is' that the'discon- 
tinuitv in transoort results from a eao in the - 
size distributioi of the sediment supply near 
the sand-gravel boundary (27, 28). Figure 1 
suggests an alternative explanation: A small 
increase in fs [typically observed immediate- 
ly upstream of the transition (27)] can pro- 
duce a large increase in the relative trans- 
oortabilitv of sand and gravel. Where this - 
occurs, 7;: should decrease for both sand and 
gravel, but the decrease in 7, is proportion- 
ately larger (Fig. 1C). The resulting en- 
hanced transportability of the sand will ac- 
celerate hydraulic sorting at the transition, 
such that sand, but not gravel, is able to 
proceed into the lower-energy environment 
downstream. 
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Formation of Carbonates in the 
Tatahouine Meteorite 
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The Tatahouine meteorite, in southern Tunisia, shows terrestrial contamination that 
developed during 63 years of exposure on Earth's surface. Samples collected on the day 
of the fall in 1931 contained fractures, with no secondary minerals, whereas samples 
collected in 1994 contain calcite aggregates (70 to 150 micrometers) and rod-shaped 
forms (100 to 600 nanometers in length and 70 to 80 nanometers in diameter) on the 
fractures. Carbon isotope analysis of the carbonates within the Tatahouine meteorite 
[Sq3C = 2 . 0  per mil Pee Dee belemnite standard (PDB)] and the underlying ground 
(Sq3C = 3 . 2  per mil PDB) confirm their terrestrial origin. 

T h e  fall of the Tatahouine achondrite 
was observed on 27  June 1931 (1).  The 
meteorite broke up along mineral grain 
boundaries at low altitude or upon impact. 
Hundreds of fragments were dispersed over 
a stnall strewnfield (<1  kmz) on a hill 
slope coinposed of Jurassic limestones with 
a desertic sandy soil. Many fragments were 
recovered that same day and sent to the 
MusCe National dlHistoire Naturelle in 
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Paris. The weights of the collected samples 
ranged from nearly 2 kg to 1 g or less. They 
were coinposed essentially of large or- 
thopyroxene crystals ( 5 3  cm) with acces- 
sorv chromite. iron sulfide. metal. and 
glass inclusions. The fragments were not 
highlv brecciated bv extraterrestrial shock - ,  
events and display a partly recrystallized 
igneous texture. Tatahou~ne was classified " 

as a diogenite ( I ) ,  and this interpretation 
was confirmed by oxygen isotope system- 
atics (2 ) .  The strewnfield was revisited in 
1994 by Alain Carion, who recovered sev- 
eral small samples (<50 g) by sifting the 
first few centimeters of soil. 

We examined samples and thin sec- 
tions of Tatahouine collected in both 
1931 and 1994. All the samples exhibit 
preexisting fractures, which were created 
either during the preterrestrial history of 
the meteorite or during its Impact with 
Earth's surface. The fractures in the 1931 
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